Abstract Birch mice (genus Sicista) represent an early diverging lineage of dipodid rodents with a wide geographic distribution and a cryptic lifestyle that makes the genus difficult to study. As a result, reconstructing the evolutionary phylogeny of the group remains incomplete. Here, we report the molecular phylogeny of the genus based on mitochondrial and nuclear markers sampled from 12 of the 14 known living species. Moreover, we discuss morphological character (i.e., fur coloration and glans penis morphology) evolution in the genus. We have found a strong agreement between phylogenetic relationships among species and morphological peculiarities, both supporting a mountainous origin of Sicista, and a recent spread towards lowlands of some lineages. Glans penis structure turned out to be rather simple in the early lineages, but became more complex in phylogenetically later diverging taxa. The presence of dorsal stripes is associated with the colonization of lowland habitats. In addition, we describe here a species new to science from the Tien Shan Mountains, and provide evidence of uncovered cryptic diversity from the region. Additionally, we revise the identification of a specimen collected from China, thus documenting the presence of Sicista pseudonapaea, previously unreported from that country.
Introduction
Birch mice (Sicista Gray, 1827) are ancient rodents of Eurasia (Kimura 2011) . The genus is the only extant representative of the family Sminthidae and includes 14 living species (Holden et al. 2017) . Birch mice have an extensive geographic distribution, stretching from Switzerland in the west to the Sakhalin Island (eastern Russia) in the east, and between the Kanin Peninsula (northern Russia) in the north to Yunnan province (China) in the south (Holden et al. 2017) . The altitudinal range of the species also covers a wide interval, extending from 10 m above sea level (e.g., in Kherson, Ukraine; unpublished data of the authors) to 4200 m (in Sichuan, China; Giraudoux and Raoul 2015) . With the exception of S. concolor (Büchner, 1892) , habitats of all sminthids are well documented. Previous reviews (Shenbrot et al. 1995; Holden and Musser 2005) concluded that birch mice inhabit a wide variety of habitats from semi-deserts to subalpine meadows of the highest mountains; nevertheless, most species cannot tolerate significant degradation in quality of the habitats (e.g., van der Kooij et al. 2016; Cserkész et al. unpublished data) .
The recognized Sicista species are grouped in four species complexes, also called Species Groups (SGs): (i) Steppe birch mice (SG subtilis), (ii) Northern birch mice (SG betulina), (iii) Eastern Montane birch mice (SG tianshanica), and (iv) Western Montane birch mice (SG caucasica) (Holden et al. 2017) . Although these SGs were defined two decades ago (Sokolov and Kovalskaya 1990a) , taxonomic position of the species within the groups and the phylogenetic relationships of the SGs relative to each other are still poorly understood. An exception is the most intensively studied SG subtilis, where the classification of the European populations has been clarified (Kovalskaya et al. 2011; Cserkész et al. 2016) . The phylogenetic relationships of the sister species of the Great Caucasus have also been revealed (Baskevich et al. 2016) ; however, phylogenetic relationships of S. armenica Sokolov and Baskevich, 1988 , and the unexplored Sicista population(s) in eastern Turkey, mentioned by Kryštufek and Vohralík (2005) , await resolution. Within SG betulina, there are four recognized subspecies of S. betulina (Pallas, 1779). The specific status of S. strandi Formozov, 1931, is questionable due to the small genetic divergence reported by Cserkész et al. (2015) . Moreover, undescribed taxa can probably be discovered in some groups, especially in those inhabiting remote regions. Members of three SGs live in the Central Asian region: SG subtilis is represented here by the polytypic species S. subtilis (Pallas, 1773), SG betulina by S. napaea Hollister, 1912, and S. pseudonapaea Strautman, 1949 , and the SG of Eastern Montane birch mice by the polytypic S. tianshanica (Salensky, 1903) and S. concolor (Büchner, 1892); the last is classified here tentatively. The taxonomic position and phylogenetic placement of S. caudata Thomas, 1907 , of the Sakhalin Island and the adjacent mainland, as well as S. leathemi (Thomas, 1893) of the Himalayan region in Kashmir [S. concolor leathemi according to Ellerman (1961) ] is unclear; possibly they can be classified within the SG tianshanica.
Birch mice have a cryptic lifestyle, which makes them difficult to detect and capture with conventional methods used to study mammal ecology. This limits the availability of live or preserved comparative material (i.e., museum specimens); and, consequently, results in scarce data on the taxonomy, morphology, and/or ecology of the species. This fact is underpinned by multiple examples. Sicista trizona transylvanica Cserkész et al. 2016 , for instance, was rediscovered 100 years after the last record from Transylvania, Romania (Cserkész et al. 2015) ; no targeted studies (i.e., morphological, cytogenetic, molecular phylogenetic, and ecological) on S. concolor were conducted after the description of the species from China in 1892. The complete mitochondrion genome of S. concolor was made available by Yue et al. (2015) , but other Sicista samples were not included in their analysis, as the study was not aimed to explore the phylogenetic relationships within the genus Sicista. Similarly, the studies of Zhang et al. (2013) and Pisano et al. (2015) focused on evolution of the larger taxonomic group, superfamily Dipodoidea, in a biogeographical point of view.
Modern sminthids are eco-geographically and phenotypically separated into striped, lowland species and unicolor, montane species. The first molecular phylogenetic study, which involved only part of the genus, pointed out that unicolor, montane species are phylogenetically basal among sminthids, while lowland species diverged recently (Cserkész et al. 2015) . The results of Zhang et al. (2013) , Pisano et al. (2015) , and Cserkész et al. (2015) indicated that S. tianshanica and S. concolor formed the basal clade of the genus; however, the relationship between these two species remained statistically unresolved in all of the studies. Moreover, until now only assumptions were published on the separate specific status of S. concolor and S. tianshanica (Ognev 1948; Afanasyev 1960; Sludskiy et al. 1977; Holden et al. 2017) , but none of these assumptions were supported by scientific evidence. Further questions on the taxonomic position of some species and/or subspecies within the genus arise when taking into account other species/subspecies of the genus. For example, the inclusion of Altai birch mice in the SG betulina was based solely on chromosomal characters and male genital morphology (Sokolov et al. 1982; Sokolov and Kovalskaya 1990a ), but size, dorsal pelage, and habitat of the Altai birch mice are similar to SGs tianshanica and caucasica. Inclusion of Altai birch mice in the SG betulina was followed by most authors (e.g., Shenbrot et al. 1995; Baskevich and Okulova 2003; Holden et al. 2017) , but see Pavlinov (1995) and Pavlinov and Lissovsky (2012) who did not follow this classification probably due to the reasons mentioned above. Although the approach of taxonomic treatment based solely on consideration of a single character (i.e., chromosomal characters) can be highly concordant with molecular phylogenetic results (e.g., Baskevich et al. 2016) , it can also be highly misleading, as indicated by some studies (see Kovalskaya et al. 2011 contra Cserkész et al. 2016 . Therefore, taxonomic delimitations based exclusively on morphological or karyological characters might not be reliable, and should be supplemented by molecular phylogenetic data for an insightful classification of the species.
A powerful approach to understanding systematics of the genus Sicista can be the combination of phylogenetic analysis of molecular sequences with the morphological characteristics of fur coloration and the male genital organ (i.e., glans penis). Several studies were published on the external morphology of the male genitalia of various species (Méhely 1913; Vinogradov 1925; Ognev 1935; Ausländer et al. 1959 ) and these external traits were useful in separating some closely related species, e.g., S. napaea and S. pseudonapaea of the SG betulina (Sokolov et al. 1982) , or S. loriger (Nathusius, 1840) and S. trizona (Frivaldszky, 1865) of the SG subtilis (Cserkész et al. 2016) . Nevertheless, comparative analyses involving multiple SGs have not been made. In addition, for some species (i.e., S. concolor), detailed anatomical studies of the male genitalia are still missing.
The Central Asian mountain ranges, including, e.g., the Altai Mts., the Tien Shan, the Himalayas, and the Kunlun Shan, harbor several ancestral lineages, hence representing the ancestral area for a number of lowland and steppic plant and animal species, e.g., Atraphaxis (Zhang et al. 2014) , Phrynocephalus (Pang et al. 2003) , Talpa (Colangelo et al. 2010) , and Cervus (Ludt et al. 2004) . Moreover, several authors have suggested that the majority of the species from the temperate zone originated from the Tibetan Plateau and the adjacent highlands (Jia et al. 2012, and references therein) . This apparently also applies to the genus Sicista, as Pisano et al. (2015) demonstrated that the Himalayas are the ancestral area for the genus. This finding, however, contrasts with the results of Kimura (2010) , who -based on paleontological evidence -placed the ancestral area of the genus to a more northern location, Nei Mongol (NE China). In this respect, we have to draw attention to a neglected species of the genus, S. caudata, an endemic species of Sakhalin Island and Sikhote Alin (E Asia), which has not been included in any of the analyses. The possible basal phylogenetic position of this species might influence ancestral area reconstruction of the genus, which in turn might better conform to the paleontological evidence.
Besides the early diverging phylogenetic lineages, the Central Asian region also harbors species with more recent phylogenetic histories. As demonstrated by our preliminary data (Cserkész et al. 2016 ) and more in depth by Pisano et al. (2015) , S. subtilis and S. napaea both belong to more recently diverging clades on the phylogenetic tree of birch mice. Additionally, the montane, unicolor S. napaea was found to be closely related to the lowland, striped S. strandi (SG betulina) (Pisano et al. 2015) . This surprising finding requires a closer look at the taxonomy of the Central Asian members of the genus. In the present study, we inspect the Central Asian species of Sicista, examining multiple populations of all species from the region and study phylogenetic relationships using molecular methods and male genital morphology. Results will allow deeper understanding of the evolutionary relationships within this genus and inform insightful taxonomic decisions.
Material and Methods

Samples
All SGs of birch mice were sampled for the study. Out of the 14 species currently recognized (Holden et al. 2017) , we only lack S. armenica (SG caucasica) and S. caudata (SG tianshanica). Similarly, we had no opportunity to include S. subtilis sibirica Ognev, 1935 . As S. s. sibirica and S. armenica are closely related to the taxa included in our study (S. s. sibirica is closely related to S. subtilis subtilis, whereas S. armenica to S. caucasica s.l.), we have assumed that their lack has little or no effect on the analysis. Sicista subtilis vaga Ognev, 1935 , occurs in the Emba (or Zhem) River valley, W Kazakhstan (Ognev 1935) ; consequently, in this study the specimen from the valley of River Emba was considered as representative of this subspecies. The majority of the samples included in the study were collected in the field by the authors during expeditions in the last five years, but we also supplemented our dataset with publicly available sequences retrieved from GenBank ( Fig. 1 and Table 1 ). Penis morphology was examined on museum specimens stored at the Hungarian Natural History Museum, Budapest (HNHM), and we included the penis of S. concolor from Sichuan, China as a kind loan from Dr. Francis Raoul (Appendix 1). The animals sampled in the field were trapped using live-catching methods with pitfall traps (details are given in Cserkész et al. 2015) . After external measurements (body, hind foot and tail length, and weight), genetic sampling and photographing, animals were released at the site of capture. Genetic samples were obtained using skin biopsy following the procedure of Wong et al. (2012) , i.e., a small piece of ear was clipped to obtain the necessary tissue samples for the molecular analysis. Samples were stored in silica gel until subsequent laboratory analyses.
Molecular Phylogenetic Data Generation and Analyses
DNA-extraction and Sequence Generation
We extracted whole genomic DNA from the tissue samples collected in the field using manual lysis and extraction method. In short, tissue samples were placed in 300 µl lysis buffer (0.2% SDS, 200 mM NaCl, 100 mM Tris-HCl, 5 mM EDTA) and treated with proteinase-K (Thermo Scientific) at 55°C for several hours until no tissue clumps were visible. Each mixture was washed by adding 0.5 V ammonium-acetate (7.5 M) and 1 V chloroform-isoamyl-alcohol (24:1) mixture. The supernatant was transferred to a new tube, and the DNA was precipitated by adding 1 V ice cold isopropanol and pelletized by centrifuging at 14.000 RPM for 5 min. Pellets were washed two times with 70% ethanol and resuspended in 10 mM TrisHCl (pH = 8.5).
We sequenced a mitochondrion-encoded DNA-region, the cytochrome B gene (CytB), and a nucleus-encoded DNA-region, the interphotoreceptor retinoid-binding protein gene (IRBP). The amplification and sequencing of the IRBP gene followed Cserkész et al. (2015) . As for the CytB, we used the primers and methodology detailed in Cserkész et al. (2016) . The sequences were edited manually using ChromasLITE v.2.5.1 (Technelysium Pty Ltd., Australia), and continuous reads ('contigs') using the forward and reverse sequences were made manually. The contigs were aligned in BioEdit v.7.1.3 (Hall 1999) , and gene regions were determined by comparing the mitochondrial sequences to the complete mitogenome of Mus musculus (NC_005089). Regions flanking the CytB were trimmed off, so only the gene itself was used in the analyses. Besides our own sequences, we downloaded publicly available IRBP sequences from GenBank (Table 1) .
Phylogenetic Analyses
Phylogenetic analysis of two data matrices were carried out using the same methodology. We first analyzed the combined dataset of IRBP and CytB sequences on a representative subset of samples (i.e., to include all taxa; dataset called 'combined'); then we included as many accessions as possible from GenBank to represent more populations per taxa in our current focus based solely on IRBP sequences (dataset called 'IRBP'). The same phylogenetic analyses were done on the above two matrices using the same settings. First, we ran a heuristic search under the Maximum Parsimony (MP) criterion as implemented in Paup v.4.0b*10 (Swofford 2003) . The heuristic search was performed with default settings but holding ten trees in each TBR-swapping iteration step and requesting 1000 random addition replicates of the search. The sequences of Mus musculus and Rattus rattus (family Muridae) were defined as outgroups. The statistical robustness of the topology obtained was checked in a bootstrap (bs) test (Felsenstein 1985) with 1000 pseudo-replications, taking bs values as 'strongly' (bs ≥ 85%), 'moderately' (84% ≥ bs ≥ 75%), 'weakly' (74% ≥ bs ≥ 50%), or 'none' (50% > bs) supported of a given branch. Second, we ran a search based on Bayesian Inference (BI) using MrBayes v.3.2.2 (Ronquist et al. 2012) using the model-jumping feature. Thus, various possible models of molecular evolution were sampled for each gene (both single and combined data) during the analysis by taking advantage of command l set apply to = (all) nucmodel = 4by4 nst = mixed rates = gamma covarion = no. The combined matrix was partitioned into nuclear and mitochondrial datasets, and these were treated separately during the runs. Three independent Markov chain Monte Carlo analyses with four simultaneous chains (one cold and three heated) for each analysis were run for 10,000,000 generations by sampling trees and parameters in every 1,000th generation using heating value of 0.15. The convergence of the runs was checked using Tracer v.1.5 (available from http://tree.bio.ed.ac.uk/software/ tracer/) inspecting effective sample sizes and visually evaluating the joint-marginal densities and log likelihood traces. We discarded the first 2,500,000 generations as 'burn in' and trees were summarized using the 50% majority rule method. Posterior probability (PP) values of each branch were considered as test of statistical robustness treating branches with PP ≥ 0.95 as 'strongly', 0.95 > PP ≥ 0.90 as 'moderately', 0.89 > PP ≥ 0.85 as 'weakly', and PP < 0.85 as 'none' supported. Finally, we used the phylogenetic tree building method of Maximum Likelihood (ML) as implemented in the webbased version of PhyML v.3.0 (Guindon et al. 2010) with automatic model selection (authors: Vincent Lefort, JeanEmmanuel Longueville and Olivier Gascuel; available at: http://www.atgc-montpellier.fr/phyml-sms/). Here, statistical test of branch robustness was tested using the Approximate Likelihood-Ratio Test (aLRT) approach (Anisimova and Gascuel 2006) , where the branch support was considered as 'strong' (aLRT ≥ 0.95), 'moderate' (0.95 > aLRT ≥ 0.90), 'weak' (0.90 > aLRT ≥ 0.85), or 'none' (0.85 > aLRT). 
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Test of Genetic Species Concept
In order to assess the genetic distinctiveness and test the genetic species concept according to Bradley and Baker (2001) , we used a 1132 bp long sequence of the CytB gene obtained with our primers (Cserkész et al. 2016) . We preferred this concept of species delimitation because this concept is based on a meta-analysis of a large dataset, thus, enabling us to compare the genetic distance of our target species to the general levels of divergence in rodents. The genetic distance between the sequences was estimated in PAUP using the Kimura's two parameter model of DNA distance (Kimura 1980) . The resulting distance matrix readily expressed pairwise genetic distance as percentage difference on the total length of sequences. Finally, the matrix of changes in percentages was used to build an UPGMA dendrogram in PAST v.1.7 (Hammer et al. 2001 ) by using the untransformed original distances as distance measure, thus showing directly the percentage of genetic differences between the samples.
Examination of Morphological Characters
We examined fur colouration (i.e., presence or absence, and number of dorsal stripes) and morphological variability of the glans penis and penile spikes in birch mice. Fur coloration was examined on live specimens at capture, while glans penis morphology was studied on the museum specimens listed in Supplement 1. Phalli were removed from the skins of the specimens and were processed according to the method of Friley (1947) . The external morphology of the glans penis was examined and measured using a digital microscope with micrometer. Glans penis morphotype of 15 taxa, 14 previously described taxa and the new species reported here (see Taxonomic implications), was examined directly on museum samples, while the morphotype of S. kazbegica Sokolov et al. 1986 , was obtained from the published literature (Shenbrot et al. 1995) . Sicista armenica and S. caudata were not sampled in the study; therefore, their glans penis morphology is not discussed. The datasets generated and analyzed during the current study are available from the corresponding author on reasonable request.
Results
Phylogenetic Analyses
Phylogenetic Relationships Based on the 'Combined' Dataset
The combined matrix of the IRBP (sequence length: 1101-1104 nt) and CytB (sequence length: 1140 nt) resulted in an aligned matrix of 2245 nucleotides (nt) -an indel of a triplet occurred in the IRBP sequences, whereas a singleton gap was necessary to be introduced in the CytB sequences. This matrix consisted of 807 variable characters of which 640 were parsimony-informative. If we disregarded the outgroup (see Table 1 ) sequences, the number of variable characters decreased to 540, out of which 398 were parsimony-informative. Based on this matrix, the phylogenetic tree reconstruction based on MP found a single most-parsimonious tree at step 2149 with signs of homoplasy (CI = 0.55; RI = 0.59; RC = 0.32), which had the same topology as the tree found by the BI and ML methods. Therefore, we only present this single most-parsimonious tree with support values coming from the other analyses shown at the respective branches (Fig. 2) .
The monophyly of the genus Sicista is fully supported by all three analyses (bs/PP/aLRT = 100/1.0/1.0). The basal lineage of our tree within the genus is formed by our two S. tianshanica samples from two distant parts of the Tien Shan Mts. This lineage is followed by the species S. concolor, although this branch has one of the lowest support values on the whole tree (62/1.0/0.9). The remaining samples form a strongly supported (86/1.0/0.95) monophyletic clade, where the SG of Western mountain birch mice is branching off first. All three species of this group show a strongly supported phylogenetic relationship of 'S. kazbegica, (S. caucasica, S. kluchorica)' -thus, corroborating the phylogenetic relationship published by Baskevich et al. (2016) . The SG of Steppe birch mice and the SG of Northern birch mice form a strongly supported (96/1.0/0.99) monophyletic clade, which is divided into two monophyletic subclades corresponding to the SGs. Within the clade of the Northern birch mice, two sister-species pairs arise: S. betulina and S. strandi (fully supported sister relationship), plus S. napaea and S. pseudonapaea (well-supported sister relationship: 87/1.0/0.91). Within the SG subtilis, (Cserkész et al. 2016) . The topology of the present tree ( Fig. 2) agrees with all previously published phylogenetic hypotheses based on sparser species sampling (Zhang et al. 2013; Pisano et al. 2015; Cserkész et al. 2016 ).
Phylogenetic Relationships Based on the 'IRBP' Dataset
Our main aim with this dataset was to include most available samples (preferably more than one population of each Central Asian species) of the genus Sicista to check species delimitation, and to have a basic insight into intra-specific genetic diversity. The aligned matrix of the IRBP sequences (1103 nt) consisted of 310 variable characters of which 217 were parsimony-informative. If we disregarded the outgroups (see Table 1 ), 79 variable characters remained, of which 50 were parsimony-informative. The MP-based search found a single tree at step 428 with negligible signs of homoplasy (CI = 0.87; RI = 0.89; RC = 0.77). The other two searches using the BI and ML approaches found, yet again, a phylogenetic tree with an identical topology; therefore, we only discuss the tree resulting from the MP analysis (Fig. 3) , but we show the support values of the other analyses at the corresponding branches.
The overall topology of the IRBP is mostly in agreement with the tree from the combined dataset, just the support values are sometimes lower, which is clearly due to the lower number of informative variability if using a single marker. The only topological conflict is the sister relationship of the S. betulina and S. strandi samples to the Steppic SG, but this is not a hard incongruence as that branch is only weakly supported (58/0.8/0.7). Compared to the combined tree (Fig. 2) , we have to note the presence of two lineages (moderately supported: 84/0.91/0.8) within the apparently variable S. tianshanica clade: a sample from Xinjiang, China (Pisano Figure 2 The phylogenetic tree of the studied species of Sicista presented as a phylogram from the analysis of the 'combined' dataset (IRBP + CytB) using MP with support values from 1000 nonparametric bootstrap. The topology of the tree from the BI and ML analyses are identical, therefore only support values from those analyses are presented on this MP-tree in the following order: bootstrap/Bayesian PP/ aLRT. The scale bar represents 60 mutation steps. The character evolution of glans penis and dorsal pelage are also mapped onto this phylogenetic tree et al. 2015), which is close to the terra typica of the species, is grouped together with strong support (100/1.0/0.98) to our specimen from the Trans-Ili Alatau (above Almaty, SE Kazakhstan); the other sample from the Zhetysu (Dzungarian) Alatau (E Kazakhstan) of the collection of Dmitri Markov (GenBank accession number: AF297288) is grouped with our sample from the same mountain range. Two S. concolor specimens from China also form a strongly supported monophyletic clade: the sample of Pisano et al. (2015) from western Sichuan (GenBank accession number: KM397167) and the sample of Zhang et al. (2013) from Qinghai (GenBank accession number: JF835089), both from central China. The other sample (GenBank accession number: JF835107) of Zhang et al. (2013) from Xinjiang (northern China), however, is placed in a totally different clade together with our S. pseudonapaea samples. Within the well-supported (88/1.0/0.9) clade of S. pseudonapaea, we can also find a sample of S. 'napaea' (GenBank accession number: KM397156), which was identified as S. napaea (Pisano et al. 2015) , but was later revised to S. pseudonapaea (Ma et al. 2016 ).
Test of Genetic Species Concept
The UPGMA-dendrogram built upon the percentage differences of Kimura 2p genetic distance of the 1140 bp long CytB sequences (Fig. 4) mirrors the phylogenetic tree based on the combined dataset. The only topological conflict is the basal placement of S. concolor, sister to the rest of the genus, whereas this position is taken by S. tianshanica in our current, and all previous analyses (Zhang et al. 2013; Pisano et al. 2015; Cserkész et al. 2016; Ma et al. 2016) .
[In this respect it is notable that in Fig. 1 of Ma et al. (2016) , S. kazbegica and S. concolor are evidently swapped as the phylogeny is stated to be based on the phylogenetic tree of Pisano et al. (2015) , where these taxa are correctly placed.] The genetic differences are generally large between the species, as the main splits between the SGs are usually above 20%; the only exceptions are SG subtilis and SG betulina, where the difference is ca. 17.5%. Surprisingly, there is a substantial difference between the clade of S. tianshanica samples and S. concolor. The first split within the SG caucasica is also remarkable at ca. 14% difference, which is followed by a substantial genetic difference between the S. betulina/strandi and S. napaea/pseudonapaea samples (12.5%) within the SG betulina. Within this latter group, there is a significant genetic difference (ca. 9.7%) between the two species of the Altai Mts. This difference is explicitly comparable to the difference found between two sisterspecies of the Great Caucasus, S. kluchorica and S. caucasica (9.8%). It is notable that the two geographically distinct samples of S. tianshanica (#12 and 13) show a remarkable, 15.7% genetic difference in CytB, and there is also a large difference (7.4%) between the two closer S. tianshanica samples (#12 and 15) reported here from the SG subtilis are in line with those reported in our previous study (Cserkész et al. 2016) , and not discussed further. We only draw attention to the negligible difference (1.5%) between the two subspecies S. subtilis vaga and S. subtilis subtilis, which we could not include previously. All other differences fall below 2%, which is defined as intraspecific variation in rodents (Bradley and Baker 2001) .
Phenotypic Variability of the Dorsal Pelage and Glans Penis
Three phenotypes of dorsal pelages can be distinguished as follows: P1, 'unicolor', i.e., uniformly colored with various shades of brown dorsal pelage characteristic of SGs tianshanica and caucasica, but also of the Altai Subgroup within the SG betulina (see Fig. 2) ; P2, featuring a single striped characteristic of S. betulina and S. strandi in the SG betulina; and P3, three dorsal stripes, which are typical to SG subtilis. It has to be noted here that in the SG subtilis the dorsal pelage is more variable in color, ranging from yellowish-grey to brownish-grey with a bold, black mid-dorsal stripe; on each side of the mid-dorsal stripe two slightly diffuse and broader beige stripes are often present, and extend from the shoulder to the rump. These lateral stripes are well developed in most individuals. The glans penis (GP) in most of the species is large, cylindrical with a ventral cleft, and covered with a variable amount of small or larger keratin spines. Four main glans penis morphotypes can be separated (Figs. 2 and 5 ). The simplest anatomical structure, GP morphotype 1, is found in S. concolor, which is the most primitive configuration without any keratin spines, large penile spines or additional folds and/ or furrows. In the SGs tianshanica and caucasica, the tip of the glans penis (GP morphotype 2) is covered with small keratin spines, but the large spines or additional folds or furrows are missing. The GP morphotype 3 of SG subtilis exhibits a more derived condition and is characterized by additional folds and a single enlarged spine (also termed a penile spike) projecting from the folds to the tip of the glans. In S. trizona, the penile spike is just an enlarged keratin spine (morphotype 3/1), the real spear-like spike appears in S. loriger and S. subtilis (morphotype 3/2). Finally, species from the SG betulina display the most complex folding and possess double enlarged spines (GP morphotype 4). In S. napaea, greatly enlarged keratinized spines cover the surface of the glans, and two prominent penile spines are also present (morphotype 4/2). 
Discussion
Mountainous Origin
We used nuclear and mitochondrial molecular markers, and also anatomical features of the glans penis to reconstruct the phylogenetic history of the genus Sicista with a focus on Central Asian species. In this study, we present the most completely sampled phylogenetic hypothesis (Figs. 2 and 3) to date, which includes all but two species in the genus. Both molecular and anatomical markers revealed a geographic structure with the basal position of extant species inhabiting mountain ranges. This suggests that birch mice originated in Central Asia, where a high genetic and taxonomical diversity of the genus is observable, mirroring the results of Pisano et al. (2015) . The primary divergences among extant sminthid groups are consistent with the paleontological evidence of the earliest fossil of birch mouse, S. primus, recovered from 17 My old deposits (early Miocene) in Inner Mongolia, China (Kimura 2010) . The higher species-diversity in mountains compared to lowlands can be considered as a general pattern (e.g., Lomolino 2001; McCain 2004) . Furthermore, it seems that birch mice colonized the lowlands with two separate lineages: one earlier lineage that colonized the taiga zone (S. betulina) and an apparently younger lineage of the SG subtilis that colonized the steppe zone. Four remaining lineages consist exclusively of mountain-inhabiting species, and each lineage is characteristic of a given mountain range (i.e., S. tianshanica inhabits Tien Shan Mts., SG caucasica inhabits the Caucasus Mts., S. napaea and S. pseudonapaea live in the Altai Mts.). Within each mountain lineage, we can find strictly allopatric species, which are usually in sister relationship to each other, and show little morphological divergence. Such are the species from the Altai Mts.: S. napaea and S. pseudonapaea, respectively, with northern and southern distributional ranges, but without any substantial physical barrier between them. The inclusion of both species (Fig. 2) and two geographically distinct populations (S. napaea: specimen #16 & 17; S. pseudonapaea: specimen #18 & 19) within each species delineate the species clearly: samples were clustered according to a priori species identification (Fig. 3) . This situation is very similar to the one reported by Baskevich et al. (2016) from the Great Caucasus, where species of the SG caucasica show the same allopatric distribution, and are shown to be sibling species with different chromosome numbers, and originating from allopatric speciation dating hypothetically back to the Pleistocene or even earlier. A similar divergence was found between samples of S. tianshanica in our analyses (Figs. 2 and 3) , which are split into two lineages: a northern 'Zhetysu form' (exemplified by sample #13) and the southern S. tianshanica sensu stricto (s.s. -in a strict sense). These two forms have well-documented differences in their chromosome number, the former being 2n = 34, whereas the latter has 2n = 32 (Sokolov and Kovalskaya 1990a) . These two lineages also emerge from the 'IRBP'-dataset (Fig. 3) , which represents an extended sampling, where additional specimens are included from the Zhetysu Alatau (specimen #14) and from Xinjiang, China (specimen #15). Similar genetic divergence between populations from these two ranges of the Tien Shan Mts. has been reported for the red deer (Cervus elaphus), the green toad (Bufo viridis), and an agamid lizard (Phrynocephalus sp.), with an estimated timing of vicariance to the late Miocene or Pliocene (Pang et al. 2003; Ludt et al. 2004; Zhang et al. 2008 ). In the case of S. tianshanica, the uplift of the mountain range taking place at 10.5-2.58 Ma (Sun et al. 2004; Charreau et al. 2005 ) might have acted as a long-term barrier to gene flow, resulting in the emergence of two highly diverged linages (15.7%) within the Tien Shan range. Although both our current analyses (Figs. 2 and 3 ) and those presented by previous studies (Zhang et al. 2013; Pisano et al. 2015; Cserkész et al. 2016) found S. tianshanica to be the earliest diverging species in the genus, we note the apparently low statistical support of this phylogenetic relationship in all analyses, which was not recovered by the distance-based tree-building based solely on CytB (Fig. 4) . The split leading to S. concolor and the rest of the genus repeatedly receives relatively low statistical support in the phylogenetic analyses, which makes this relationship uncertain, most probably due to insufficient taxonomic sampling (Hendy and Penny 1989) ; see also Stefanović et al. (2004) . In other words, the inclusion of the enigmatic species S. caudata from Sakhalin Island, a supposedly early diverging species, can easily distort this phylogenetic relationship, and the basal placement of S. tianshanica is considered tentative.
Morphological Character Evolution in Birch Mice
Dorsal Stripes
Fur coloration has an important role in the adaptation of mammals to their environment (Caro 2005) . In Sicista, dorsal stripes are present in lowland species only (S. betulina, S. strandi, and the SG subtilis), and absent in all montane species. According to the phylogenetic results presented here (Fig. 2) , dorsal stripe has either evolved two times independently from unicolored ancestors (hypothesis a) or the common ancestor of the SG subtilis and betulina had stripes, which were subsequently lost (hypothesis b) by the Altai birch mice (S. napaea and S. pseudonapaea) (Fig. 6) . As dorsal stripes in rodents are shown to be regulated via a single gene (Mallarino et al. 2016) , namely Axl3, we hypothesize that stripes in Sicista are easily lost or gained during the evolution of the genus as a result of adaptation to different environmental conditions. In this case, the adaptation to lowland environments appears to be the trigger for gaining this morphological adaptation, which hints at a physiological reason behind having striped fur in the genus.
Penile Structure
The taxonomic importance of penile structure in the genus Sicista is long known (Méhely 1913; Vinogradov 1925; Ognev 1935; Ausländer et al. 1959 ), and penile structure shows a remarkable pattern when mapped onto the phylogenetic tree of the genus (Fig. 2) . The simplest structures can be found in the basal lineages (i.e., S. tianshanica, S. concolor, SG caucasica), whereas the large penile spike is a synapomorphic character of the SGs betulina and subtilis. This evolutionary trend towards more complex structures can be considered as a general trend in organic evolution (McShea 1991; Carroll 2001) . It is notable, however, that S. concolor shows the simplest penile morphology (Fig. 2) , although it is found to be not the earliest diverging species in the genus (Pisano et al. 2015; Cserkész et al. 2016; Figs. 2 and 3) . Given the relatively unsupported position of this species on the evolutionary tree (see reasoning above), we may accept that the evolutionary trend in the morphology of glans penis would imply that S. concolor should be the basal species in the genus. The inclusion of other supposed basal species such as S. caudata and S. leathemi (= S. concolor leathemi) in the analyses will probably solve this issue.
In members of SGs tianshanica and caucasica, the tip of the glans penis is covered with small keratin spines without large spines or additional folds or furrows. The SG subtilis exhibits an even more derived structure, which is characterized by additional folds and a single enlarged spine (termed large penile spike) projecting from the folds to the tip of the glans. There is a marked difference within this SG with the most derived form of penile spikes (a spear-like spike) appearing only in S. loriger and S. subtilis. Therefore, following the general evolutionary trend in birch mice, the glans penis of S. trizona with its conical, pleisomorphic shape represents the most primitive configuration among steppe birch mice, thus corroborating the basal phylogenetic position of this species within the SG subtilis.
The presence of at least one enlarged penile spike is a synapomorphic character of the SGs subtilis and betulina; the latter displays even more complex folding, greatly enlarged keratinized spines covering the surface of the glans and two prominent penile spikes. These structures might fulfill a variety of functions, depending on the species considered, the type of mating system, and other factors. In certain species greatly enlarged penile spines may assure the maintenance of a genital 'lock' during copulation (Dixson 1987) . Penile spines in rats (Rattus rattus) assist in the removal of copulatory 'plugs' deposited during previous matings (Breed 1986; O'Hanlon and Sachs 1986) . Comparative studies of Dixson (1987) on the genital anatomy and sexual behavior of male primates show that penile morphology and copulatory patterns tend to be more specialized in species where females mate with a number of partners. Enlargement of keratinized penile 'spines' and other specializations of penile morphology are also much more prevalent among primates that live in multi-male societies (Dixson 1987) . Unfortunately, social and/or mating systems of sminthids are poorly known. Therefore, we do not know if the observed differences in the morphology of glans penis in Sicista are related to different mating systems of the species or not. In the case of S. tianshanica, it is presumed that the individuals may live in colonies (Sludskiy et al. 1977) , where the mating system may be different from those populations that are comprised of solitary individuals. The relatively rapid diversification of penile structure during the evolution of the genus Sicista might be connected to the shift in habitat-preference (i.e., colonization of the lowlands from mountains) by the ancestor of the SGs betulina and subtilis, which might have triggered a change in mating system of the genus.
Taxonomic Implications
Towards a New System of Birch Mice
The phylogenetic (Figs. 2 and 3 ) and genetic distance (Fig. 4) analyses concerning the Central Asian taxa of the genus Sicista afford the opportunity to review their old-standing taxonomic system. The systematics of the genus was traditionally based on penile morphology (Méhely 1913; Vinogradov 1925; Ognev 1935; Ausländer et al. 1959; Cserkész et al. 2016) , cranial morphology Baskevich et al. 2004; Cserkész et al. 2009) , and chromosomal characters (e.g., Sokolov et al. 1987; Kovalskaya et al. 2011; Baskevich et al. 2016) . In light of our current results, several species with different chromosome number, but without notable morphological difference, can be accepted as separate species. In the case of Caucasian birch mice (SG caucasica), Baskevich et al. (2016) have already demonstrated the genetic separation of the allopatric sibling-species of the Great Caucasus, where a substantial genetic difference (ca. 9%) was found (Fig. 4) between the species. We found comparable levels of genetic difference between allopatric species of the Altai Mts., where the genetic clusters were found to mirror species delimitation, and not geographic distance. Therefore, we can conclude the same taxonomic status of the Altai birch mice as in the case of the Caucasian birch mice (Baskevich et al. 2016) , with a similar evolutionary history. As found before by Pisano et al. (2015) , the Altai birch mice are phylogenetically close to the sister-species S. betulina and S. strandi, and should be classified within the Northern SG. As for the taxonomic status of S. strandi, we note the relatively small genetic difference (1.4%) between this species and S. betulina, which clearly warrants further analyses.
The inclusion of several specimens of the same species in our IRBP-dataset led to the recognition of some falsely identified GenBank samples. As noted above, S. napaea (GenBank accession number: KM397156) should be corrected to S. pseudonapaea (see also Ma et al. 2016 ). More surprising is the position of a S. concolor sample (specimen #22; GenBank accession number: JF835107) that is coming from the work of Zhang et al. (2013) . As documented in GenBank, this specimen is from Xijiang, the northwestern part of China, a territory neighboring the distribution area of S. pseudonapaea (reported only from Kazakhstan). As the study of Zhang et al. (2013) included an additional S. concolor sample from Qinghai, central China, the unusual phylogenetic placement of the former sample was resolved as 'Sicista sp.' in their paper. Based on the phylogenetic placement of this sample in both their and our current, more densely sampled analyses, we conclude that the specimen registered under JF835107 in GenBank has to be corrected to S. pseudonapaea. As this 158 J Mammal Evol (2019) 26:147-163 Figure 6 Evolutionary pathways of dorsal stripes in SGs betulina and subtilis. Hypothesis 'a': unicolor dorsal pelage in Altai subgroup is an evolutionary reversal; hypothesis 'b': dorsal stripe is a homoplastic character, evolved independently in the S. betulina and S. subtilis lineages species in not listed in the comprehensive faunistic work of China (Smith and Xie 2013), if the GenBank specimen is correctly assigned to be of Chinese origin, we can conclude the presence of S. pseudonapaea in northern China. Although the systematics and phylogeography of Steppe birch mice are not the focus of our current work, we note the low genetic difference (ca. 1.5%) between S. subtilis subtilis (2n = 24) and S. subtilis vaga. The last was recognized based on differences in fur coloration and in the arrangement of the 8th, 9th, and 10th pair of autosomes with 2n = 24 (Sokolov et al. 1986 ). In light of our genetic results, and the observation that pale fur coloration of these mice is a phenotype selected by the environment without taxonomical significance (Cserkész et al. 2016) , we suggest to treat S. subtilis vaga as a synonym of S. subtilis subtilis.
Although several previous studies have synonymized S. tianshanica under S. concolor (Ellerman and MorrisonScott 1951; Afanasyev 1960) , we can definitively separate S. concolor from S. tianshanica based on their large genetic distance (Fig. 4) and the unique penile structure of S. concolor (Figs. 2 and 5) . Moreover, S. concolor can be phylogenetically separated from the SG tianshanica and can form a still unexplored, distinct species group, SG concolor. We must also emphasize that the status and taxonomic position of S. leathemi is still unclear. Listing it under S. concolor, for example by Holden and Musser (2005) , is based only on expert opinion. Its phylogenetic affinity to the SG tianshanica is more likely than to S. concolor, because the distribution range of S. leathemi in Kashmir (on the territory of India and Pakistan) is geographically closer to the Tien Shan Mts. than to the range of S. concolor in China. We also suspect that a considerable amount of cryptic diversity exists in the Sicista genus in the high mountain regions around the Tibetan Plateau, especially over the southern and eastern ranges.
Finally, the surprisingly high genetic difference between the sampled S. tianshanica sensu lato (s.l.) populations of the Zhetysu and the Trans-Ili Alatau (i.e., northern and southern ranges of the Tien Shan Mts.) revealed in this study, leads us to describe the Zhetysu Alatau population of S. tianshanica s.l. as a new species. Shenbrot et al. (1995) . The listed sites can be considered places of occurrence of S. zhetysuica; however, further studies are needed to confirm the presence of the species from the Tarbagatai and Saur mountain range, north to the Zhetysu Alatau, using phylogenetic methods.
Diagnosis
The species is clearly different from S. tianshanica sensu stricto (s.str.) by having a genetically different mitochondrial genome as exemplified by sequences of the cytochrome B (CytB) genes. The species has a unique motive at the 5′ end of CytB: 5′-AGATGTAAATTATGGATGATTAATCC GCTATCTCCACGCCAATGGTGCCTCCATATTCTTCA TCTGCCTATTTATGCACGTTGGCCGAGGTATATATT ACG -3′. We refer to specimen #13 (DNA-extract name: ST14) as representative of the genetic characters described for S. zhetysuica (see Table 1 ). All tissue samples and DNA are accessioned at University of Debrecen but later will be moved to the Hungarian Natural History Museum, Budapest for future reference.
Sicista zhetysuica -2n = 34, Nfa = 54. The karyotype has six pairs of acrocentric autosomes. The number and form of pairs of biarmed autosomes is different as compared to the karyotype of S. tianshanica s.str. -2n = 32, Nfa = 56 (Sokolov and Kovalskaya 1990a) .
Smaller in most external and cranial measurements than S. tianshanica (Table 2 ). Based on a relatively small sample size of Shenbrot et al. (1995) , the mandible and upper tooth row of S. zhetysuica are relatively shorter than in S. tianshanica 
Description
This is one of the largest species of birch mouse in body size. Dorsal pelage greyish brown; ventral pelage greyish yellow, chin and throat are whitish (Fig. 8) . There are no white spots on the chest and sides of the animals, which are characteristic to 81% of individuals of S. tianshanica s.s. populations. The new species is somewhat smaller than S. tianshanica s.s. and -although the sample sizes are rather small -for the length of the upper tooth row and the length of mandible the measurements for S. tianshanica and S. zhetysuica are nonoverlapping according to the dataset published by Shenbrot et al. (1995) and to the measurements from the holo-and paratype ( Table 2 ). The glans penis is relatively large (diameter at half-length: 2.09 mm; length: 4.36 mm both measured on the holotype, HNHM 25736), overall shape cylindrical with a ventral cleft, and covered with many, small keratin spines but large spines or additional folds or furrows are missing. Other cranial, dental, and anatomical characters match with that of other large bodied Sicista species to our knowledge as reviewed recently by Holden et al. (2017) .
Etymology
Sicista zhetysuica is named after the geographical origin of the species, i.e., the Kazakh name of the mountain range (Zhetysu Alatau) where the holotype was captured in 2016. The widespread English name of this mountain range, the Dzungarian Alatau, originates from Russian; however, the mountains are located in Kazakhstan (and China) and so we found it reasonable to use the local geographic name. The proposed English name is Zhetysu birch mouse; proposed Kazakh name is Жетісу тыша ны.
Conservation
Sicista tianshanica s.l. was classified as Least Concern on The IUCN Red List in 2016 by Cassola (2016) . We suggest the same status to be applied to S. zhetysuica. Exact distribution and population trends are unknown, but we can suppose similar characteristics as in S. tianshanica s.s., if its habitats are in similar condition. According to the surveys in 1950-60's, as reviewed by Sludskiy et al. (1977) , S. tianshanica s.l. is common, with high but fluctuating population densities in suitable habitats; those habitats are also widespread in the Tien Shan Mts. We found densities to be 17.3 specimens per 100 trap nights (number of birch mice trapped per night per 100 traps) in the Trans-Ili Alatau and 5.5 specimens per 100 trap nights in Zhetysu Alatau (unpublished data of the authors). Sicista tianshanica s.l. may represent the dominant species in the local small mammal communities, and perhaps is considered as Bhardly visible^and/or rare only because of the long hibernation periods and inadequate trapping methods used previously, which resulted in the lack of data on its biology.
